This article describes a new method to quantitatively detect extremely small amounts of helium ͑and eventually other inert gases͒ in complex gaseous mixtures, even in the presence of very high concentrations of hydrogen isotopes, despite using a conventional ͑i.e., standard-resolution͒ quadrupole mass spectrometer. This is accomplished by means of two nonevaporable getter ͑NEG͒ pumps, which effectively remove all active components in the original gas mixture with particular regard to hydrogen isotopes. Obviously, noble gases are preserved. The gas sample to be analyzed is initially admitted in a first chamber equipped with a NEG pump operating at high temperature ͑Ϸ450°C͒, in order to remove most of the active gases quickly. The residual gas mixture is then allowed to expand through a gate valve into the analysis chamber, where a second NEG pump, operating at room temperature, completes the selective pumping action and removes to high degree hydrogen isotopes and other chemically active gases. The turbomolecular pump, which is used to evacuate the chamber, is excluded during the analysis. The results of extensive tests carried out with a fully automated facility built at ENEA Frascati are reported, demonstrating the effectiveness of this method which allows detection of 4 He/ D 2 peak ratios as small as Ϸ2.5ϫ 10 −7 . During these tests, a quadrupole mass spectrometer which can operate in both standard-and high-resolution modes has been used. This latter operating mode has been selected, when necessary, in order to provide evidence for the absence of deuterium contributions to mass 4.
I. INTRODUCTION
Since its introduction in the 1950s by Paul and co-workers, 1-3 the quadrupole mass filter has proven to be a convenient device for mass-spectrometric analysis. This is because this filter's simple structure allows it to realize very compact devices which are less expensive, faster in response, and easier to use with respect to sector field mass spectrometers ͑SFMSs͒. However, conventional quadrupole mass spectrometers ͑QMSs͒ do not feature sufficient resolving power to perform quantitative analysis of gaseous mixtures containing both isotopes of helium and hydrogen. The masses of 4 He + and D 2 + ions differ indeed by 0.0256 amu only ͑see Table I͒ so that the minimum resolution at mass 4 needed to separate these two peaks is estimated to be m / ⌬m ϳ 161. 4 Discrimination of 3 He + and 3 H + is even more demanding, with a required resolution m / ⌬m at mass 3 in the order of 150 000, 5 since the masses of these two ions differ by only 0.000 02 amu. Further difficulties arise in the presence of a strongly prevailing peak, whose tail can mask the much smaller adjacent peak.
Several advancements of the basic QMS configuration in order to enhance its resolution have been suggested. In 1968 Brubaker 6 proposed the introduction of a prefilter intended to improve both transmission and resolution of a quadrupole mass filter by achieving spatial separation of dc and rf fringe fields. This scheme has been further developed in the following years, using an aperture, placed at the entrance of the mass filter, having a suitable geometry and fabricated with materials of properly chosen dielectric constant, capable of achieving such a fringe field separation. [7] [8] [9] Quadrupole mass spectrometers equipped with similar devices, commercially known as extranuclear laboratories field separation systems, are available today. However, they still exhibit severe limitation in detecting small amounts of 4 He in D 2 . More recently, quadrupole mass spectrometers operating in the second stability zone ͑zone II͒ in the Mathieu diagram have been developed. 10, 11 Successive improvements of this concept, featuring a resolving power at mass 4 as high as m / ⌬m ϳ 755, have been demonstrated to be useful in detecting very small peaks adjoining large ones. 12 Nevertheless, the minimum detectable peak ratio of 4 He to D 2 is still limited to 10 −4 ͑100 ppm͒. Improving the resolution of a QMS well beyond this limit is not a simple matter. By the way, it must be clear that any effort to further enhance the resolving power may result in a corresponding loss of sensitivity, with the risk that a very tiny helium peak could not be detected. As a matter of fact, in spite of the unquestionable advantages offered with respect to a SFMS in terms of lower cost, compactness, simplicity, and fast response time, the QMS is not yet favored by scientists who carry out this kind of analysis.
More generally speaking, the quantitative detection of very tiny amounts of helium isotopes in a complex gaseous mixture by means of a QMS presents considerable difficul-ties, apart from the problem of resolving helium and hydrogen isotopic spectra. When introducing a gas sample into the analyzer, the total pressure must be kept within the working range of the ion source to prevent damage of the hot filament. Indeed, most analyzers have a self-protecting feature that switches the ion-source filament off when the pressure inside the analysis chamber overcomes a safety threshold. Consequently, whenever helium is only a minor component, its partial pressure may be below the detection limit. Furthermore, the presence of very large peaks of other species ͑even in the case of other rare gases͒ may give rise to discrimination of helium resulting in a significant suppression of its peak. 13 In order to avoid this problem, sample purification and inlet lines have been developed which remove most of the undesired components from the gas sample before injecting it into the analyzer. Sample purification is mostly achieved by means of cryosorption pumps, usually operating in several stages at decreasing temperatures. Such methods, however, besides exhibiting several practical inconveniences, as discussed in more detail in Sec. II, do not grant a sufficiently high degree of purification of the gas sample, especially in the presence of large amounts of hydrogen isotopes. An online filter, based on a Zr-Al getter alloy to selectively reduce D 2 content during leak testing of the PDX tokamak vacuum vessel at the Princeton Plasma Physics Laboratory, has been demonstrated to reduce the deuterium throughput to the mass spectrometer by a factor of 100-250, depending on the getter temperature. 14 Better results have been achieved later at General Atomics to leak test both the DIII-D tokamak vacuum vessel and the neutral beam injectors, using Pd catalyst filters, which can reduce the D 2 background levels by a factor of 10 4 , due to the catalyzed reaction of D 2 and O 2 to form heavy water molecules. 15 
II. FIELDS OF INTEREST
Quantitative detection of tiny amounts ͑in the ppm range or less͒ of helium isotopes, as well as the measurement of their isotopic ratio 3 He/ 4 He, in complex gaseous mixtures possibly containing hydrogen isotopes is relevant to several research fields.
In environmental studies, for instance, the analysis of content of helium isotopes ͑and their isotopic ratio͒, as well as of tritium ͑by 3 He ingrowth method͒, in ocean, spring, and ground water samples provides information about their age and history. 16 3 He, produced by tritium decay ͑half-life 12.3 years͒, is indeed an ideal tracer for estimating the age of relatively young ground water samples, since it is nonreactive and, therefore, its content is substantially unaffected by chemical reactions. Mass-spectrometric systems used for this kind of analysis are usually very complicated. They are in most cases based on a SFMS, and are equipped with complex gas-separation systems often including multistage cryogenic traps, so that they are not suitable for in situ operation. Once collected, ground and seawater samples must be suitably stored and processed, to be analyzed later in a shorebased laboratory, resulting in a rather expensive and timeconsuming method.
In situ mass-spectrometer monitoring of volcanic gaseous emissions may provide an additional and powerful tool to forecast volcanic eruptions. 17 Changes in the rate and composition of emissions from hot fumaroles and porous ground surfaces are indeed associated with major subsurface movements of magma. In particular, helium and other noble gases are not chemical in their origin, being produced by nuclear reactions underneath the Earth's surface, where they are physically trapped until being released at the surface as a consequence of new fissures in the crust. 18 Therefore, an increase of helium concentration in fumarolic emissions indicates the formation of new crystal fissures, since this increased concentration is not necessarily correlated with the presence of other fumarolic gases. Moreover, the 3 He/ 4 He isotopic ratio turns out to be distinctive of the tectonics associated with volcanic systems. 19 The field deployment of a network of mass spectrometers for in situ real-time monitoring of volcanic gaseous emissions requires the development of fully automated facilities with compact size and remotecontrol capability. It is quite evident that a QMS would meet all these requirements much better than a SFMS.
A mass spectrum analyzer featuring compact size, simple operation, short response time, and the ability of quantitatively detecting very tiny amounts of 4 He ͑ 3 He͒ in a deuterium ͑tritium͒ rich atmosphere ͑as well as of measuring the 3 He/ 4 He ratio͒ may be of great interest also in thermonuclear fusion research. Present tokamak experiments are based on the fusion of deuterons according to the wellknown reactions
͑1͒
where d, t, p, and n denote, respectively, the deuteron, the triton, the proton, and the neutron. Actually the deuterium fuel is much easier to deal with, since it does not impose the severe safety requirements associated with the handling of a considerable tritium inventory. However the d-t fusion reaction, One of the main concerns in a d-t fusion experiment is to prevent significant accumulation of 4 He ashes in the core plasma, since this would result in a dilution of the d-t fuel and in a consequent reduction of the fusion-power output. In order to control the impurity concentration in the core plasma and to sustain the fuel density, several active pumping methods for 4 He ͑and other impurities͒ have been proposed, such as divertors or pump limiters. A quantitative analysis of the exhausts of such devices by comparing the related 4 He content can provide a useful evaluation of the effectiveness of different methods and configurations. From this perspective, an instrument that can measure the content of 4 He in a deuterium rich atmosphere is a key issue. Helium-leak detection is another major problem in fusion research. 5, 13, 14, 21 Vacuum tightness of the large torus vessel ͑with minimum detectable leaks in the 10 −10 -10 −12 Pa m 3 /s range͒ is indeed a rigorous requirement in order to minimize the impurity content of the plasma and to achieve optimum performance. However, due to the strong deuterium release by the wall of the vacuum vessel, a conventional helium-leak detector would not be able to discriminate a small amount of leaked 4 He in such a high deuterium background. High field magnetic sector mass spectrometers, such as the Omegatron used at JET, 22, 23 have been claimed to have sufficient resolving power for this purpose. However, the response time is rather slow and the analysis equipment requires large and heavy magnets ͑0.3-0.5 T͒ in order to achieve the necessary resolution. Quadrupole mass spectrometers or standard helium-leak detectors would be more convenient due to their faster response time, simple construction, and easy operation; however, they require a strong selective attenuation of D 2 content by using appropriate filters. 13, 14 Nondestructive determination of tritium activity by the 3 He ingrowth method represents a further example of the usefulness of a mass spectrometer capable to detect small changes of 3 He content in a tritium background. Tritium activity is defined as is the increment of the number of 3 He atoms that occurred during the confining time interval ⌬t = t f − t i ͑s͒. It is quite evident that, for a given ⌬t, the minimum detectable tritium activity A min is proportional to the minimum detectable increment ⌬N min of 3 He. Also, the minimum confining time ⌬t min , i.e., the time required to grow up an increment ⌬N min of 3 He content, decreases clearly with ⌬N min . This latter is in turn limited by the background ion current signal at mass 3, which therefore must be kept as low as possible. In a recent study, 24 for instance, such a method has been applied to measure the tritium activity in waste drums. In this study, the tritium content is reduced by adsorption on two cryogenic ͑77 K͒ activated charcoal traps, allowing achieving enrichment in 3 He by a factor of 98.5, before measuring the signal at mass 3 by means of a magnetic sector field helium-leak detector ͑Inficon UL200͒, featuring a minimum detectable helium-leak rate Ͻ5 ϫ 10 −12 Pa m 3 /s ͑Х1.25 GBq͒. The detection limit for the tritium activity and the corresponding confining time are claimed to be in the order of 5 GBq ͑i.e., four times greater than the sensitivity of the leak detector͒ and 5 h, respectively, with a relative uncertainty on the tritium activity of about 20%. Furthermore, a simple calculation indicates that the minimum detectable increment of 3 He must be, in this case, in the order of 10 14 atoms, which is quite a huge number compared to the detection limit commonly found by any quadrupole mass analyzer ͑Ϸ10 10 -10 11 atoms͒. Such a large value of ⌬N min can more likely be ascribed to the high background signal at mass 3, due to the contribution of residual hydrogen isotopes ͑ 3 H and HD͒, as a consequence of the very poor efficiency of the cryogenic trap. Improving the selective pumping of hydrogen isotopes will grant much better performance in terms of detection limit, confining time, and uncertainty of tritium activity measurement.
III. SAMPLE PURIFICATION BY CRYOSORPTION
Cryosorption pumps are usually employed for sample purification prior to injecting each sample into the mass spectrometer for the analysis of helium isotopes and tritium ͑by 3 He in growth method͒ in water samples. Water samples are used to study the dynamics of natural water systems such as oceans, lakes, and groundwater. Two-or three-stage cryogenic systems, using activated charcoal or molecular sieve traps operating at progressively decreasing temperatures, may strongly reduce the content of some undesired species in the gas sample. 13, 25 Helium condenses at very low temperatures ͑ 3 He and 4 He normal boiling points are at 3.2 and 4.2 K only͒, so that pure helium is not significantly sorbed on activated charcoal or molecular sieves at temperatures above 40 or 50 K. 26 However, it is well known that, in the case of a gas mixture, some helium may be trapped into the condensates of other species, 27 ,28 even at these relatively high temperatures. The efficiency of this process, which is sometimes purposely used to reduce the ultimate background of noncondensable gases ͑such as helium͒, is governed by the ratio between the amounts of condensable gas injected in the cryopump and helium. Therefore, the use of cryosorption pumps does not appear to be the best choice, because a considerable fraction of the already tiny amount of helium might be trapped in the condensates of other species, resulting in a significant and somewhat erratic attenuation of its signal, depending on the original composition of the gas mixture. This method is even less indicated, whereas the gas sample contains a significant amount of hydrogen isotopes. As a matter of fact, cryosorption pumps cannot selectively remove hydrogen isotopes to a high degree, since these gases belong to the family of noncondensable species too ͑normal boiling points of H 2 , D 2 , and T 2 are, respectively, 20.4, 23.6, and 25.1 K͒. Operating the cryosorption pump at temperatures low enough that hydrogen is effectively sorbed unavoidably results in some reduction of helium content too. Conversely, if the cryosorption pump operates at relatively high temperatures in order to not sorb significant amounts of helium, it will also be unable to pump hydrogen to a high degree, thus resulting in a poor helium-enrichment factor. Moreover, provided that cryosorption pumps can actually raise the helium/ hydrogen ratio above the minimum detectable limit ͑10 −4 in the case of 4 He/ D 2 ͒, a high-resolution QMS is necessary anyway to discriminate the contribution of residual hydrogen isotopes to the peaks at masses 3 and 4.
A further problem is that cryosorption pumps may require frequent regeneration in order to get rid of the previously sorbed gases. The ultimate partial pressures of helium and hydrogen isotopes may change considerably as a function of the amounts of gas already trapped in the cryopanel, depending on its sorption capacity and operating temperature. Regenerating the pump requires the cryopanels to be warmed up at a suitably high temperature under dynamic vacuum and then cooled again at the operating point. The time necessary to perform such a cycle, as well as the regeneration frequency required to ensure adequate and consistent performance of the pump, may considerably limit the sampling rate, which is desired to be as high as possible.
Furthermore, use of cryogenic pumps to sorb hydrogen isotopes may result in a serious explosion hazard, in the event of a quenching or of an air inrush.
IV. NONEVAPORABLE GETTER PUMPS
Nonevaporable getters ͑NEGs͒ are metallic alloys able to sorb, by chemical reactions, active gas molecules, with particular regard to hydrogen isotopes. On the contrary, rare gases are not sorbed at all, since they simply do not react. NEG pumps are therefore particularly appropriate if we need to remove hydrogen isotopes to a high degree while not affecting helium concentration.
This kind of getter material does not need to be evaporated, as in the case of titanium-sublimation pumps. NEG alloys simply need an initial activation process, which consists of a heat treatment under dynamic vacuum, in order to remove, by inward diffusion in the bulk alloy, a passivation layer ͑mainly oxides and carbides͒ covering the surface.
As far as hydrogen is concerned, NEG alloys can actually operate as heat-controlled reversible pumps which sorb hydrogen at low temperature and release it at high temperature ͑regeneration͒. Hydrogen isotopes are indeed reversibly sorbed and diffuse rapidly in the bulk active alloy to form a solid solution ͑physisorption͒. A given concentration q ͑torr liter/g͒ of hydrogen inside the getter material corresponds to a hydrogen equilibrium pressure P ͑torr͒, which also strongly depends on the temperature T ͑K͒ of the alloy, according to the Sievert's law,
where A and B are constants which depend on the alloy. The two plots in chanical properties of the alloy, which begins to flake from the substrate. The sorption capacity for hydrogen ͑i.e., the maximum amount of this gas which can be sorbed͒ is therefore limited by this phenomenon, and the pump must be periodically regenerated, i.e., heated and held at a suitable high temperature ͑Ϸ450-500°C͒ for an appropriate time under dynamic vacuum in order to release almost all the hydrogen sorbed. ͑Regeneration may also be necessary if the pumping speed for hydrogen isotopes falls below acceptable limits as a consequence of the pressure approaching its equilibrium value. However, the selection of an appropriate quantity of getter material can prevent such an occurrence.͒ The time t necessary to regenerate the pump is given by the equation
where M is the mass of the getter material ͑in g͒, S is the pumping speed of the backing pump ͑in liter/s͒, q f and q i are the final and initial hydrogen concentrations ͑in torr liter/g͒, A and B are the same alloy dependent parameters as in Eq. ͑4͒, and T is the regeneration temperature ͑in K͒. NEG alloys exhibit high specific hydrogen pumping speeds ͑in the range of 10 3 liter s −1 m −2 ͒, almost regardless of the operating temperature, since the mobility of hydrogen inside the bulk material is rather high, even at room temperature. Moreover, such high pumping speed performance is roughly independent, over a wide range, of the quantity of sorbed hydrogen.
Other chemically active gases ͑such as O 2 , N 2 , CO, CO 2 , etc.͒ are adsorbed on the surface of the getter material in a nonreversible process ͑chemisorption͒. The chemical bonds of the molecules impinging on the alloy surface are first broken, and then the diverse elements are adsorbed as atoms giving rise to the formation of oxides, nitrides, and carbides. As the getter surface becomes saturated with such a passivation layer, its pumping speed drops dramatically. The binding energy between these species and the getter is so strong that heating will not result in any gas release, as in the case of hydrogen. On the contrary, high temperatures will improve the diffusion of the sorbed gases, which migrate in the bulk material, resulting in a freshly regenerated and clean surface, ready for further pumping. Operation of the getter pump at high temperature makes the bulk of the alloy available for gas sorption, due to the enhanced inward diffusion. Consequently, the sorption capacity for a single activation process becomes much larger and the pumping speed, which at room temperature is lower and decreases rather quickly with the sorbed quantity, is maintained at a higher and roughly constant value over a much wider concentration range.
Other species, such as water and hydrocarbons, are also sorbed by getter alloys, but sometimes with a considerably lower efficiency. Hydrocarbons, in particular, are sorbed only at high temperatures. The chemical bonds of these gases are again broken at the getter surface, and then hydrogen, oxygen, and carbon are sorbed as described above.
Of course, since the chemisorption process is not reversible, the getter alloy cannot be regenerated ad infinitum; it actually saturates, compelling the need to replace the pump cartridge, when roughly the following amounts of gases have been sorbed:
In conclusion, the performance of NEG pumps depends on the properties of the particular alloy selected, as well as on the quantity of getter material used and on the area of the getter surface available for gas sorption, which, respectively, determine, for a given temperature, the sorption capacity and the pumping speed. An appropriate choice of these parameters and of the operating temperature allows us to achieve, in many different conditions, satisfactory performance in terms of adequate pumping speed and reduced equilibrium pressure. Sufficient sorption capacity can be achieved as well, allowing to run the pump as long as needed before regeneration is required and granting an extended lifetime of the getter cartridge. However, when both hydrogen isotopes and active gases are present in the gas mixture as majority components, it may be difficult to find a reasonable compromise between the competing exigencies of achieving at the same time a very low hydrogen equilibrium pressure and a high pumping speed for other gases. Operating the pump at room temperature may provide high-grade removal of hydrogen; nonetheless the pumping speed and the sorption capacity for other species may be very low, due to the poisoning of the alloy surface which gets rapidly saturated by a passivation layer and is no more able to pump unless reactivated by a heat treatment. Conversely, at high temperatures, the pumping speed and the sorption capacity for other species may be satisfactory, since their inward diffusion is greatly enhanced, but the hydrogen equilibrium pressure may turn out to be unacceptably high, according to Sievert's law. This problem can be easily solved using two NEG pumps, operating in two successive steps: a first pump, featuring a large mass of getter material and operating at high temperature, quickly removes most of hydrogen isotopes and active species from the gas sample. A second pump, featuring a large pumping surface and operating at room temperature, completes the selective pumping action, establishing a very low residual equilibrium pressure. Noble gases are thoroughly unaffected by this process, so that only partitioning of the gas sample, due to successive expansion steps, must be accounted for. Figure 2 shows a picture of the facility built at the Frascati Research Center of ENEA ͑the Italian Governative Agency for New Technologies, Energy, and Environment͒. A schematic drawing, to which we will refer in the following description of the equipment, is given in Fig. 3 . A commercially available QMS ͑BALZERS QMG 421͒ has been chosen, operating in the first stability zone in the Mathieu diagram and featuring both standard ͑mass range up to 128 amu͒ and high-resolution ͑mass range up to 22 amu and resolving power at mass 4 m / ⌬m Ϸ 182͒ operating modes. It includes a QMA 410 analyzer, a QMH400-1 radio frequency ͑rf͒ generator, two EP112 electrometers/preamplifiers, and a QMS421 control unit. This latter communicates, via an RS232 interface, with a dedicated personal computer ͑PC͒ running the control and data acquisition software QUAD-STAR™ 422. The QMA410 analyzer consists of a cross-beam ion source with stabilizing magnets, a mass filter equipped with enlarged ͑16 mm , 40 cm long͒ rods to improve both its stability and selectivity, a Faraday cup, and a 90°off axis secondary electron multiplier ͑SEM͒. As a first attempt, the Faraday cup has been chosen as the ion collector, since it exhibits a lower sensitivity but grants a much better longterm stability than SEM. Two different sets of the ion-source parameters have been selected for optimum sensitivity in both standard-and high-resolution modes. These parameter sets are stored on the hard disk of the PC and can be easily recalled and/or interchanged by means of the QUADSTAR™ 422 software, ensuring highly reproducible performance. High-resolution capability of the QMS has been used, when necessary, in order to provide evidence for the absence of deuterium in the final gaseous mixture.
V. FRASCATI QMS ANALYSIS FACILITY
The analyzer is immersed into the ultrahigh vacuum ͑UHV͒ analysis chamber in order to achieve maximum sensitivity. The chamber is evacuated by means of a Pfeiffer TMU 261 turbomolecular drag pump ͑TMP2 in Fig. 3͒ backed by a Pfeiffer TSU071 Turbocube pumping station, consisting of a smaller Pfeiffer TMU 071 turbomolecular unit ͑TMP1͒ and a four-stage diaphragm pump ͑MD4͒. A 100 mm conflat flanged ͑DN 100 CF͒ pneumatic gate valve ͑GV1͒ allows separation of the TMP2 from the analysis chamber. This latter can also be connected, by means of another identical valve ͑GV3͒, to a SAES GP200 MK4 W NEG pump ͑GP1͒, equipped with a 170 g cartridge of ST707™ alloy ͑see properties in Table II͒ operating at room temperature. The gas mixture to be analyzed is admitted, from either a test gas reservoir ͑trough BV1͒ or the pure gases manifold ͑trough DV8, MV2, and DV9͒, and fills up the whole section ͑colored in light gray in Fig. 3͒ upstream of the diaphragm valve DV9, including a known ͑4.38± 0.04 cm 3 ͒ sample volume V S ͑delimited by valves DV6, DV7, and DV9͒. 29, 30 ͑The sample volume V S , as well as the volume V K which will be introduced later, have been carefully measured using a purposely developed apparatus, described in detail in Refs. 29 and 30.͒ The filling pressure is monitored by means of a Pfeiffer CMR261 capacitive gauge ͑PT1͒, featuring a full-scale range of 1100 mbars and an accuracy of 0.15% of the reading, so that a precisely known amount of gas can be sent to the analyzer by closing DV6 and then opening DV9. This gas sample is first admitted into a large sorption capacity SAES Capacitorr® B 1300 NEG pump ͑GP2͒ equipped with a 600 g cartridge of ST185 alloy ͑see properties in Table II͒ and operating at high temperature ͑Ϸ450°C͒, where most of the active gases and hydrogen are more or less instantaneously removed. The gate valve GV1 is then closed, thus excluding the TMP2, and the residual gas is allowed to expand into the analysis chamber though a DN CF 40 pneumatic gate valve ͑GV5͒. Here the GP1 NEG pump removes to a high degree all the remaining traces of hydrogen isotopes and other active components. Due to the high pumping speed of the getter cartridge, this is achieved in a very short time. Inert gases are obviously unaffected by this procedure, so that their concentration in the original mixture can be precisely established, provided that the total quantity of gas in the original sample is known and the volume partitioning due to each expansion step is carefully accounted for.
The QUADSTAR™ 422 software supports several ways to operate the QMS. In scan analog mode, scans of any selected portion of the mass spectrum can be easily achieved and suitably saved as successive cycles of a single file. Multiple ion detection ͑MID͒ mode is a different way to analyze a gas sample, allowing us to repeatedly measure the ion current signals of a number of selected masses, as well as to monitor up to 16 voltage sources from an optional analog input module, which can be used, for instance, to log data from vacuum gauges for total pressure measurement. Data are saved and organized in a file, which also provides some statistics, such as average values and standard deviations. MID has been selected as the standard operating mode to carry out our quantitative mass-spectrometric analysis.
A six-decade, high precision, MKS Baratron 107 capacitive gauge ͑BG3͒, ranging from 0.1 MPa down to 0.1 Pa, monitors the pressure inside the GP2 pump. The analysis chamber and the TMP2 intake manifold are both equipped with a Balzers TPR018 Pirani gauge ͑PG2 and PG1, respectively, in Fig. 3͒, for ͑IG4 and IG2͒, ranging from 10 −2 down to 10 −7 Pa. An identical BA gauge ͑IG3͒ is also installed on the GP200 NEG pump ͑GP1͒. The use of hot-cathode BA gauges to monitor the vacuum inside the analysis chamber has been preferred, since cold-cathode Penning gauges have been found to act as small ion pumps, which also drain helium and other rare gases. A Balzers PKR251 compact ͑combined Pirani/ Penning͒ full-range gauge ͑IG1͒ is instead used for vacuum measurement at the intake collector of the TMP1, since this region is separated from the analysis chamber during the measurement.
The entire UHV system, including commercial components such as valves and vacuum gauges, is made of stainless steel. Bellow-actuated valves and metal vacuum-tight fittings ͑conflat or VCR standards͒ are used to prevent leakages or permeation phenomena. Periodic leak testing of the system can be easily carried out via a dedicated port located on the collector placed between the two turbomolecular pumps. The TMP1 is obviously excluded during the leak test by means of a further CF63 gate valve ͑GV9͒, in order to not split the gas flow, thus preserving maximum sensitivity. High-sensitivity leak testing of the analysis chamber can otherwise be performed using a service routine provided by the QUADSTAR™ 422 software, allowing operation of the QMS in a leak-test mode.
Baking of the UHV system is achieved by means of numerous heaters covering almost the entire outer surface. Fourteen J thermocouples, each placed in a different point, drive as many independent control loops to ensure an almost homogeneous temperature distribution during the baking. Both warm up and cool down ͑to room temperature͒ are controlled by programed ramps to prevent any thermal shock during the transients. The system is driven up to about 250°C and held at this temperature for many hours before starting the ramp down. The resulting ultimate vacuum is better than 10 −7 Pa ͑below the operating range of BA gauges͒. In order to save time, this automatic procedure is usually carried out during a weekend, starting on friday afternoon, so that the system is almost ready to work on monday morning. It is a good practice to regenerate the getter pumps also during a bakeout, to prevent the getter material from being saturated as a consequence of outgassing from the chamber walls.
All the procedures described above are carried out under automatic control by means of two dedicated software routines, purposely developed in a LABVIEW environment, and a modular distributed input/output device ͑National Instruments Field Point͒ communicating with a PC via a 10/ 100 Ethernet controller. All relevant data are logged on the PC to check for proper operation of the plant. The data-logging rate is held at 1 Hz during the introduction and the analysis of a gas sample, and automatically reduced to 0.1 Hz when in standby.
A manifold is also provided, which allows supplying pure gases or mixtures for calibration purposes. It can be evacuated by means of the backing turbomolecular pump TMP1 with no influence on the analysis chamber, which can be temporarily separated from the backing pumping station by closing the valve AV1 ͑Pfeiffer EVL025͒ shown in Fig. 3 . The first section of the manifold, upstream of the diaphragm valve DV3 ͑NUPRO SS-DLV51͒, is equipped with a 0.1 MPa full-scale-range Balzers APR017 piezoresistive gauge ͑PT2͒ and can thus be filled at the desired pressure with any pure gas from a set of dedicated small bottles ͑1 liter, 15 MPa͒, each equipped with its own pressure regulator. A NUPRO SS-4BMG-VCR metering valve ͑MV1͒ then allows feeding the second section of the manifold, where a buffer volume of about 0.3 liter can be filled at a known pressure, as carefully measured by means of two high precision MKS Baratron 627 series capacitive gauges ͑BG1 and BG2͒, featuring a full-scale range of 1 and 0.1 torr, respectively, and a sensitivity of 10 −4 with respect to the full scale. Gas mixtures can be easily obtained by adding different gases, in successive steps, into the buffer, while monitoring the pressure rise to achieve the desired concentration. The gas stored in the buffer can finally be delivered to either the Capacitorr pump GP2 ͑through valves DV8 and MV2͒, to carry out tests of various kinds, or to the QMS ͑through valves DV1, DV2, and UDV1͒, to calibrate the analyzer. The two diaphragm valves DV1 and DV2 ͑NUPRO SS-DLV51͒ allow isolating a known volume V K ͑3.32± 0.01 cm 3 ͒. By closing DV2 and opening DV1, V k can be filled with gas at the same pressure existing in the buffer; this known amount of gas can then be delivered to the analysis chamber ͑through the fully opened UDV1 valve͒ by closing DV1 and opening DV2, in order to perform calibration by the gas preload method. Otherwise, keeping DV1 and DV2 open, the allmetal dosing valve UDV1 ͑Balzers UDV040͒ allows us to precisely adjust the gas inflow during dynamic calibrations.
An ultrahigh-purity nitrogen supply ͑Air Liquide N70 nitrogen 99.999 99% pure͒ is provided for purging and venting of the UHV system in order to prevent any helium contamination.
VI. CALIBRATIONS
According to recommended practice, the QMS has been carefully calibrated by introducing pure gases into the analysis chamber through the dosing valve UDV1 ͑with DV1 and DV2 open͒, while pumping by the TMP2. The gas flow en- Fig. 4 . As expected, all curves exhibit a similar qualitative behavior. The ion current increased linearly with pressure until saturation occurred, roughly above 10 −5 mbar. The sensitivities ͑in A/mbar units͒ measured by this procedure, are summarized in Tables III and IV under the columns labeled "Dynamic method." They are of course valid within the observed linearity range of the QMS. Specific 4 He and Ar calibrations have been also carried out using the gas preload method, i.e., introducing known amounts of inert gas from V K into the analyzer while pumping only by means of GP1. Such a static method, which clearly is not applicable to active gases, allows calibrating the QMS directly in terms of the absolute quantity of inert gas injected into the analysis chamber. Gettering of active molecules by the NEG pump actually keeps the background inside the analysis chamber under control once this latter has been isolated from the turbomolecular pump. This gets rid of the outgassing phenomena, which usually make this method rather awkward. As a matter of fact, the measured ion currents turn out to be proportional to the number N of atoms admitted into the analyzer, even at very low values of N. However, as in the case of the former dynamic method, a significant deviation from linearity is observed as soon as N achieves values in excess of about 10 16 atoms, which actually correspond to pressures above 10 −5 mbar ͑as measured by IG4 and IG3͒. Figure 5 shows, for instance, both SR and HR calibration curves for 4 He, as recorded by such a static method. Measured sensitivities ͑in A/at. units͒ are listed in the last columns of Tables III and IV. Since the same ion gauge ͑IG4͒ monitors the pressure inside the analysis chamber during both static and dynamic calibrations, the results obtained by the two methods can be directly compared by plotting the measured ion currents versus the corresponding pressures. As an example, Fig. 6 shows such a plot in the case of 4 He calibration in the SR mode. It is easily seen that the two methods exhibit an excellent agreement over the whole investigated range. Due to the suppression of the background by the NEG pump, the helium partial pressure actually matches quite perfectly the measured total pressure, except of course for a small deviation observed at very low pressures, where the ultimate vacuum may become a significant fraction of the total pressure. Moreover, the diverse sensitivity of the ion gauge to different gases ͑a factor of 6 for nitrogen as compared to helium͒ plays an important role in magnifying this effect. Nevertheless, this does not affect the validity of the static calibration, since this relates the ion current to the number of atoms injected into the analysis chamber, rather than to the pressure. As expected, the number N of helium atoms injected in the analyzer is proportional to the total pressure measured by IG4 ͑except for a few points at the very low pressure limit͒, as shown in Fig. 7 . The slope of the linear fit, as calculated by the last mean square method ͑discarding the first three points at pressures ഛ10 −5 Pa͒, provides an estimation of the volume V A of the analysis chamber, in a quite straightforward way. From the perfect gas law we have
where K B is the Boltzmann constant and T is the absolute temperature of the gas, which can be assumed to be in thermal equilibrium with room temperature ͑18°C͒. From the value of reported in Fig. 7 , we can estimate V A Ϸ 12.2± 0.1 liters. Preliminary tuning of the ion-source parameters in the HR mode has been accomplished using 4 He-D 2 mixtures ͑about 67% helium-33% deuterium and 50%͒, purposely prepared by means of the pure gases manifold. During these tests, the getter pumps have been isolated and the analysis chamber is evacuated by the TMP2, while the mixture is allowed to flow into the analyzer through the dosing valve, according to the dynamic scheme described above ͑the static method is indeed not applicable for this purpose, since the getter alloy is expected to selectively pump the deuterium͒. The ion-source potentials have been optimized in order to achieve sufficient resolution to clearly discriminate 4 He and D 2 peaks. However, the resolving power has not been stressed in order not to reduce the sensitivity too much. As a consequence, the two peaks contribute, to a small extent, to each other; such a cross contribution has been, however, carefully measured and accounted for. The partial pressures of 4 He and D 2 have been estimated from measured ion currents, dividing the intensities of the two peaks ͑after subtracting cross contributions͒ by the corresponding sensitivities of the pure gases and accounting for the relative sensitivities of the hotcathode ion gauge ͑a conversion factor of 6 for 4 He and 2.6 for D 2 ͒. Measured concentrations have been found in good agreement with nominal compositions.
Actually, the system is specifically designed to operate in the static mode during routine measurements, relying on the ability of the particular arrangement of getter pumps almost to completely sorb hydrogen isotopes ͑and other noninert components͒. In order to check for this point, the analyzer has been filled with a 4 He-D 2 mixture at a known pressure, while both TMP2 and the getters were isolated ͑by closing GV1, GV3, and GV5͒. Figure 8͑a͒ shows the typical resolved analog spectrum obtained in these conditions. At the end of this scan cycle, the valve GV3 is open allowing GP1 to selectively pump the deuterium; Fig. 8͑b͒ shows that, within the 10 s scan time, all the deuterium has been removed. The reduction of the 4 He peak observed in Fig. 8͑b͒ is consistent with the expected pressure drop due to the ex- FIG. 6 . Ion currents at mass 4 recorded during 4 He calibrations ͑in SR mode͒ using both "gas preload" and "dynamic" methods, vs the corresponding helium pressures measured in the analysis chamber. This plot shows the quite excellent agreement of the two methods.
FIG. 7. Amount of
4 He injected into the analyzer during gas preload calibrations vs the corresponding measured pressure. The linear fit of these data allows us to estimate the volume of the analysis chamber using the perfect gas law. pansion of the inert gas in the additional volume of GP1. The elimination of deuterium concurs to reduce the helium peak by subtracting the contribution due to the tail of the deuterium peak; however, this effect plays of course only a minor role. Moreover, no further change in the intensity of the helium signal is observed in successive scans, so that we can conclude that GP1 does actually not change the helium content at all. This test validates our expectation that, due to the ability of getter pumps to thoroughly remove hydrogen isotopes while not affecting helium, a high-resolution QMS is not required for this kind of measurement. This allows operating the QMS in a much easier way and results in an enhanced sensitivity to helium.
A precise quantitative spectrometric analysis requires an accurate measurement of the volume partitioning of the gas sample, until it reaches the QMS. Denoted by ͑A/at.͒ the sensitivity of the QMS corresponding to a given noble gas, the number N of atoms of that gas injected into the analyzer can be determined as the ratio I / , where I is the ion current measured at the corresponding mass number. If ␥ is the fraction of gas transferred from the sample volume V S to the analysis chamber, the number N S of atoms originally present in the sample volume is given by N S = N / ␥. To find out the partitioning factor ␥, helium was admitted from the pure gases manifold, through valves DV8, MV2, and DV9 ͑see Fig. 3͒ , into the previously evacuated sample volume V S . The filling pressure ͑Ϸ100 mbars͒ was monitored by means of the capacitive gauge BG3. After closing MV2 and DV9, the remaining part of the circuit was evacuated through the valve GV7. The helium preload was then allowed to expand through DV9 from V S into the volume V G of the getter pump GP2 ͓the volume V G , delimited by valves DV9, GV7, MV2, and GV5, includes the getter pump GP2, the baratron gauge BG3, and a DN 40 CF double cross ͑see Fig. 3͔͒ ͑the reader should remember that helium is unaffected by the NEG pump͒. This allowed us to establish the percentage ␣ of gas transferred from V S to V G . Next, the valve GV1 was closed and the gas collected in the volume V G was further allowed to expand into the volume V A of the analysis chamber through the valve GV5, according to the standard measurement procedure described in detail in Sec. V of this article; in this way, we could measure which fraction ␤ of the gas was transferred from V G to V A . The same capacitive gauge head BG3 was used to monitor the pressure drop subsequent to successive expansions. The fraction ␥ of gas transferred from V S to V A is given by the product ␥ = ␣␤. Since the volume V S is known, this procedure allowed us not only to evaluate the volume partitioning due to successive expansion steps, but also to measure the volumes V G and V A , as summarized in Table V . It is noticeable that the present measurement of the volume V A is in quite good agreement with the previous estimation.
VII. PERFORMANCE
The experimental setup has been extensively tested over two years in order to prove its ability to provide reliable and precise quantitative measurements of the content of helium in any gas mixture, regardless of its hydrogen isotope content.
A. Dry nitrogen tests
As a first attempt, a small sample of dry nitrogen vapor from a liquid nitrogen tank has been analyzed, in order to check the ability of the system to remove nitrogen almost completely, while leaving the 4 He content ͑which was expected to be present as impurity͒ unaffected. This preliminary qualitative check was carried out by introducing the dry N 2 sample through the known volume V K , according to the gas preload method, and using only the NEG pump GP1. The results are shown in Fig. 9 , where the recorded MID signals of a few selected mass channels are plotted versus time. This picture demonstrates, in a quite clear way, how the proposed method actually works. When GV1 is closed, thus excluding the turbomolecular pumps, no dramatic changes are observed, due to sorption by the NEG pump GP1, which keeps the ultimate vacuum under control. As soon as the sample is introduced into the analysis chamber, a sudden rise of N 2 ͑mass 28͒ and 4 He ͑mass 4͒ signals is observed. As long as the inlet valve is open, the resulting dynamic equilibrium between the throughputs of the inlet valve and the NEG pump sustains the N 2 ion current at a high level. As a matter of fact, the N 2 signal falls off abruptly once the inlet valve is closed and the signal reduces to its base line in just a few minutes. However, the reader should be aware that the pumping speed is limited in this case, since GP1 operates at room temperature ͑GP2 is not involved in these tests͒. The ion current at mass 4, on the contrary, does not undergo any further change after the initial step rise, indicating once again that 4 He is not sorbed by the getter.
B. Tests with air samples
Further qualitative tests were carried out with air samples. In the absence of an air standard, we used air from the environment. A small ͑Ϸ50 cm 3 ͒ stainless-steel bottle, equipped with a manually operated diaphragm valve ͑NUPRO SS-DLV51͒, was carefully cleaned by pumping it for a few hours, by means of a turbomolecular unit. During evacuation, the bottle was heated and held at about 200°C, and then allowed to cool down at room temperature. After that, the diaphragm valve was closed, and the bottle was detached from the pump and brought outside of the Research Center, at a safe distance from any helium facility. There, the diaphragm valve was open allowing air from the environment to fill the bottle at atmospheric pressure. The bottle was then sealed again and finally connected to the pneumatic valve BV1 ͑see Fig. 3͒ for sample analysis.
Such tests can provide convincing evidence of the effectiveness of the method, which, using the two combined NEG pumps scheme, actually ensures a very fast and almost complete sorption of noninert components. However, such tests cannot provide an accurate measurement of 4 He concentration in air. As a matter of fact, argon is by far more abundant ͑about 2000 times͒ than helium in air, so that the amount of air necessary to be introduced into the analyzer in order for the helium signal to be well above the detection limit results in a very large argon peak, perhaps well beyond the linear response region of the spectrometer. A careful measurement of the helium content would actually require an additional stage, such as a cryosorption pump, capable of selectively removing argon from the residual inert mixture, in order to avoid possible discrimination of the helium peak. 13 Therefore, in these tests, we did not account for the concentration of water vapor in the air sample, nor did we measure it or take any precaution to dry the sample, since a precise measurement of the helium concentration is clearly out of the scope of this work. Several small samples of the air contained in the bottle were examined in order to check the reproducibility of the analysis system. Figure 10 shows a typical residual spectrum of an air sample; we found that all noninert components were effectively removed in just a few seconds. The concentration of helium was estimated to be roughly 3 ± 0.5 ppm V, which is not far from the value ͑5.24 ppm V͒ commonly reported in the literature.
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C. Memory effect
The occurrence of a "memory effect" was pointed out during the tests with air samples. When pure helium ͑or a gas mixture featuring a predominant helium content among inert components͒ was admitted into the analyzer, the ion current at mass 4 suddenly rose, as expected, to a rigorously constant value ͑for example, in Fig. 9͒ . A different behavior was observed with air, whose 4 He content is very small ͑5.24 ppm͒ compared to that of argon ͑about 1%͒. Actually, after introducing an air sample into the analyzer, the ion current at mass 4 underwent the usual initial step, and then it began to slowly increase with time. The slope of the helium signal growth was roughly proportional to the amount of air admitted into the analyzer, as shown by the first series ͑triangles͒ of experimental points in Fig. 11 . No similar behavior was exhibited by the much larger argon signal ͑which represents the main peak of the residual spectrum of air after gettering by the NEG pumps͒. Such an effect was drastically reduced by baking the ultrahigh vacuum analysis chamber. However, the phenomenon became more and more evident as further air samples were admitted into the analyzer until saturation occurred ͑dots series in Fig. 11͒ . This fact obviously suggests that 4 He is adsorbed to some small extent on the freshly cleaned walls of the analysis chamber, where it accumulates as a consequence of successive exposures of the analyzer to air samples and is successively released.
We suspect that the prescence of the much larger amount of argon during air tests is responsible for this effect, possibly due to the bombardment of the walls by the heavy argon atoms stripping the adsorbed helium. We have checked this hypothesis by monitoring the growth rate of the background 4 He signal inside the analysis chamber under the static vacuum condition ͑i.e., with GV1 closed and GV3 open͒ while injecting increasing amounts of pure argon into the chamber. The results are plotted again in Fig. 11 ͑squares series͒. It is quite evident that, once again, the heliumdesorption rate increases almost linearly with the Ar pressure, thus validating our hypothesis. The occurrence of this phenomenon introduces a systematic error in the results of the analysis. However, in order to not overestimate the helium content, this phenomenon can be accounted for. Moreover, regular baking of the UHV chamber is effective in drastically reducing such an effect.
D. Tests with a gas mixture of known composition
Quantitative tests were also carried out using a gas mixture having a known composition ͑82% 4 He −13.5% N 2 −4.5% CO 2 ͒. The gas bottle containing the mixture was too large ͑50 liters͒ to be fitted to valve BV1, and was therefore connected to the spare inlet of the pure gases manifold ͑see Fig. 3͒ by means of a short flexible hose. The pure gases manifold was filled with the desired amount of mixture through the metering valve MV1 while monitoring the pressure by means of the baratron gauges BG1 and BG2. The sample volume V S was also filled at the same pressure by keeping valves DV8, MV2, DV19, and DV9 open ͑GV8 and GV5 were closed to protect the GP2 pump and the analysis chamber͒. After V S was filled, valves DV8, MV2, and DV9 were closed and the secondary turbomolecular pump TMP1 evacuated the remaining part of the circuit through valve GV7. Finally, the gas sample was analyzed according to the standard procedure described in detail in Sec. V. Many samples of this mixture at different filling pressures were analyzed and relevant MID ion currents were recorded for each trial. As expected, N 2 and CO 2 were completely removed by the NEG pump arrangement, while the 4 He content was found to be proportional to the amount of gas mixture injected. The linear fit of the experimental data ͑Fig. 12͒ shows the very high precision of the measurement. The measured 4 He concentration in the mixture samples turns out to be 86.3± 0.6%, which is in reasonable agreement with the nominal value, if we take into account that the procedure used to fill the sample volume through two metering valves and a capillary tube unavoidably gives rise to some helium enrichment of the mixture downstream. That this is actually the case is confirmed by the observation that a slightly lower helium content is systematically recorded when the sample volume V S is filled using the residual gas in the buffer, with no further addition of mixture from the bottle through valve MV1 ͑white dots in Fig. 12͒ . This fact indicates that after filling the sample volume, the residual mixture in the buffer is to some small extent depleted of its original helium content. Consequently, unless adding some further mixture through MV1 restores the original concentration in the buffer, the analysis of the successive sample will exhibit a slightly lower helium concentration.
E. Detection limit
The detection limit of a mass spectrometer is usually determined by the intrinsic electrical noise of the electrometer and the gain of the ion collecting system, i.e., the Faraday cup or the secondary electron multiplier ͑SEM͒. The Faraday ion collector usually features a lower gain compared to the SEM but is much more stable in time. In the case of our system, the background noise of the electrometer coupled to the Faraday cup turns out to be within 10 −14 A, which roughly corresponds to some 10 10 helium atoms. Using the SEM would grant an even better detection limit. However, the performance achieved with the Faraday collector is more than satisfactory for our purposes. Therefore, we prefer this latter ion collector for stability reasons.
VIII. MINIMUM 4 HE/ D 2 DETECTABLE RATIO
One of the main objectives of this work is to demonstrate the ability of the proposed method to detect very tiny amounts of helium isotopes in a gas sample featuring a much higher content of hydrogen isotopes. In order to address this issue, we have measured the 4 He content of ultrahigh-purity ͑uhp͒ grade deuterium ͑manufactured by Voltaix Inc.͒ featuring 99.999% chemical purity and 99.5% isotopic purity. Table VI summarizes the maximum content of the main contaminants of such uhp grade deuterium as declared by the manufacturer. Nothing is specifically stated about the content of noble gases. However, from the data listed in Table VI , we can surmise that the total maximum concentration of noble 4 He and D 2 can be safely extended, from a qualitative point of view, to 3 He and tritium since there is no indication that the performance of NEG pumps may depend significantly on the particular hydrogen isotope. Therefore, we may expect that this technique can also provide a powerful tool for the investigation of tritium content by the 3 He ingrowth method, although the ultimate performance must be quantitatively assessed by appropriate experiments. We have discussed in the introduction about the results of the work described in Ref. 24 , showing that the enrichment of 3 He by a factor of 10 2 ͑or equivalently, the suppression of tritium by the same factor͒ by means of cryotraps does not grant satisfactory performance. The method described in this article has been shown to have the potential of increasing the suppression of hydrogen isotopes by six-or seven orders of magnitude, as compared to cryosorption traps. This would strongly reduce ⌬N min , thus greatly enhancing the performance of the system.
IX. CONCLUSIONS
A new sample purification method for mass-spectrometric analysis of inert components has been proposed based on the use of two nonevaporable getter ͑NEG͒ pumps, the first operating at high temperature and the second at room temperature, which allows quick removal of all active gases, with particular regard to hydrogen isotopes, while not affecting noble gases at all. The tests performed at the Frascati Research Center of ENEA demonstrate that this particular configuration ensures that virtually all the hydrogen isotopes initially present in the gaseous mixture are removed ͑with a suppression factor of about eight to nine orders of magnitude͒ in less than about 1 min. The absence of dominant peaks of hydrogen isotopes in the resulting spectrum considerably improves the ultimate sensitivity to helium isotopes, allowing the achievement of a minimum 4 He/ D 2 detectable ratio in the order of 0.1 ppm ͑or even better͒, in spite of using a normal-resolution quadrupole mass spectrometer ͑QMS͒. No tests have been performed with tritium due to the hazards related to handling of this radioactive hydrogen isotope. However, the method has in principle the same potential of discriminating 3 He and T 2 as well, being therefore very promising for both 3 He/ 4 He isotopic ratio detection and tritium activity measurement by the 3 He ingrowth method. The high pumping speed exhibited by the proposed arrangement of NEG pumps allows significant reduction of the time required to carry out the analysis, thus improving the sampling rate with respect to conventional sample purification lines based on cryosorption pumps. Moreover, a suitable choice of the relevant parameters of the NEG pumps ͑alloy type and mass, getter surface, and temperature͒ grants extended lifetime of the getter cartridge and reduces the frequency of regeneration cycles, resulting in an improved duty cycle. A cryosorption pump can be used, in addition to the getter purification stage, to discriminate among residual noble gases.
The proposed method may be of great relevance to many research fields such as environmental studies, volcanic activity monitoring, and nuclear fusion science.
